Various physical properties of epitaxial graphene grown on SiC(0001) are studied. First, the electronic transport in epitaxial bilayer graphene on SiC(0001) and quasi-free-standing bilayer graphene on SiC(0001) is investigated. The dependences of the resistance and the polarity of the Hall resistance at zero gate voltage on the top-gate voltage show that the carrier types are electron and hole, respectively. The mobility evaluated at various carrier densities indicates that the quasi-free-standing bilayer graphene shows higher mobility than the epitaxial bilayer graphene when they are compared at the same carrier density. The difference in mobility is thought to come from the domain size of the graphene sheet formed. To clarify a guiding principle for controlling graphene quality, the mechanism of epitaxial graphene growth is also studied theoretically. It is found that a new graphene sheet grows from the interface between the old graphene sheets and the SiC substrate. Further studies on the energetics reveal the importance of the role of the step on the SiC surface. A first-principles calculation unequivocally shows that the C prefers to release from the step edge and to aggregate as graphene nuclei along the step edge rather than be left on the terrace. It is also shown that the edges of the existing graphene more preferentially absorb the isolated C atoms. For some annealing conditions, experiments can also provide graphene islands on SiC(0001) surfaces. The atomic structures are studied theoretically together with their growth mechanism. The proposed embedded island structures actually act as a graphene island electronically, and those with zigzag edges have a magnetoelectric effect. Finally, the thermoelectric properties of graphene are theoretically examined. The results indicate that reducing the carrier scattering suppresses the thermoelectric power and enhances the thermoelectric figure of merit. The fine control of the Fermi energy position is thought to be key for the practical use of graphene as a thermoelectric material, which could be achieved with epitaxial graphene. All of these results reveal that epitaxial graphene is physically interesting.
Introduction
Graphene is a very attractive material from both scientific and engineering points of view [1] [2] [3] [4] . Epitaxial graphene on silicon carbide (SiC) also shows very interesting properties, while exfoliated graphene, either placed on a substrate or suspended, is generally discussed. In this contribution, we would like discuss how attractive the epitaxial graphene is.
SiC is a compound crystal of a wide gap semiconductor with a band gap of 2.36-3.25 eV. It has various polytypes for the crystal structure, while general compound semiconductors such as GaN have only two polytypes, zinc-blende and wurtzite [5, 6] . Among these, hexagonal polytypes such as 4H and 6H are widely used. Because SiC is expected to yield industrial power devices, high quality crystal is commercially available at present, as wafers.
When SiC is annealed in high temperature, Si atoms selectively sublimate from the surface, because the melting temperature of Si is around 1100 • C, while that of C is around 3650 • C [7] . This makes the surface rich in C. Since the most Figure 1 . Cross-sectional views of atomic structures of (a) EBLG and (b) QFBLG. Large, small, and bright small circles represent Si, C and H atoms, respectively. stable crystal structure of C is graphite, the excess C atoms on the surface aggregate and form an sp 2 C network. If the formation is finely controlled, graphene is obtained rather than carbon nanotubes or carbon nanowalls.
The thickness and structural properties are known to be different depending on the orientation of the surface formed. 4H-SiC and 6H-SiC have two typical orientations of surfaces. One is the (0001) surface, the so called Si-face, which is terminated by Si. The other is the (0001) surface, the so called C-face, which is terminated by C. Experimentally, few-monolayer graphene with epitaxially arranged graphene sheets is obtained from the Si-face, while much thicker graphene with turbulently misoriented graphene sheets is obtained from the C-face.
In this contribution, we focus on some properties of the epitaxial graphene formed on the Si-face, while we have previously studied very many aspects of graphene on SiC . It should be noticed that each sheet of this epitaxial graphene is in an epitaxial relation with the substrate SiC as well as the other sheets.
Transport properties of bilayer graphenes
Because SiC substrate has a wide band gap, the epitaxially grown graphene can be directly used as the channel for the field effect transistor. A high frequency operation transistor over 100 GHz is reported, based on epitaxial graphene on SiC [31] . For digital electronics applications, bilayer graphene (BLG) is of particular interest because a band gap opens in BLG upon applying an electric field perpendicular to the BLG plane [32] [33] [34] . By controlling the strength of the electric field, the band gap can even be tuned.
However, the device performance is sensitively dependent on the quality of the graphene formed. To clarify the quality, we have experimentally analyzed the transport properties of a device fabricated from epitaxial graphene on SiC.
We have two types of bilayer epitaxial graphene. One is formed by annealing the semi-insulating 4H-SiC(0001) wafer at around 1200 • C in ultrahigh vacuum. We call this graphene EBLG (epitaxial bilayer graphene) below. The other is called below QFBLG (quasi-free-standing bilayer graphene). Monolayer graphene is formed first by annealing an n-type doped 4H-SiC(0001) wafer at around 1800 • C in Ar at less than 100 Torr, and this is converted into bilayer graphene by H post-annealing at around 1250 • C at an H 2 pressure of about 25 Torr.
The EBLG is situated on top of a buffer layer, which is a graphene-like structure that exists in between the SiC substrate and the EBLG and is electronically inactive ( figure 1(a) ). By using angle-resolved photoelectron microscopy (ARPES), Ohta et al showed that EBLG on SiC(0001) possesses the unique band structure of BLG and a band gap of about 0.09 eV opens intrinsically due to the interaction with the SiC substrate [35] . We have investigated the electronic transport properties of the EBLG which was grown in UHV, and detected the opening of the band gap [23] . Furthermore, we evaluated the mobility of the EBLG and found that the mobility is inferior to that of BLG exfoliated from graphite. Improvement in the quality of the EBLG is needed for its wide application.
Recently, it has been demonstrated that hydrogen intercalation of epitaxial monolayer graphene (EMLG) on SiC(0001) decouples the buffer layer from the substrate [36] . The buffer layer then becomes quasi-free-standing monolayer graphene (QFMLG), and as a result, the whole system (EMLG + buffer layer) turns into quasi-free-standing bilayer graphene (QFBLG). Reports on transport properties of QFBLG have just begun to come out [37, 38] . Here we characterize the electronic properties of QFBLG in top-gated devices and compare the quality with that of EBLG on SiC(0001).
The difference in atomic structure between EBLG and QFBLG is shown in figure 1 . While EBLG has three graphene sheets on top of the SiC surface, the interfacial sheet is tightly bonded with the Si atoms on the SiC surface, and it does not act as a graphene sheet electrically at all. On the other hand, QFBLG has two graphene sheets on top of the H-terminated SiC surface. The H post-annealing breaks and terminates the bonds of the SiC surface.
For clarifying the crystal quality of the EBLG and QFBLG formed, we fabricate field effect transistors (FETs) with a top gate, and measure their carrier transport properties [27] . The method of fabrication is similar to that described in [23] . The hydrogen intercalation for QFBLG has been confirmed by evaluating the number of graphene layers by low energy electron microscopy (LEEM) [8, 36] . The channel width and length were 2.5 µm and 7.5 µm, respectively. We performed four-terminal measurements at 2 K with a constant direct current of 1 µA.
The four-terminal resistance, R, is measured as a function of the carrier density (figure 2). If the QFBLG is undoped, the maximum R should appear at zero gate bias, V g = 0 V, where the Fermi level reaches the charge neutrality point. However, R shows no peak at V g = 0 V, and it increases with increasing V g ( figure 2(b) ). This indicates that the QFBLG is p-type doped. We also performed Hall measurement and confirmed it to be p-type. The observed p-type doping is different from that of EBLG on SiC(0001) shown in figure 2(a) [23] , where the EBLG is intrinsically n-type doped [35] .
We also evaluated the mobility, µ, as a function of the carrier density, n, which is shown in figure 3 . For comparison, the n dependence of µ for EBLG on SiC(0001) in [23] is also plotted. µ for the QFBLG increases with increasing n, which is the same as the EBLG case, and reflects the electronic structure of EBLG [40] . Note that the carrier type is hole for the QFBLG and it is electron for the EBLG. In principle, electron mobility and hole mobility are the same for the BLG when n is the same due to its symmetric band structure [4] . Considering this fact, if we assume that the EBLG and QFBLG are of the same quality, the hole mobility of the QFBLG is expected to be the same. However, as shown in figure 3 , µ for the QFBLG is higher than that for the EBLG. This suggests that QFBLG may yield one possible method for attaining high quality BLG on SiC(0001).
Then, the question is what makes the mobility of QFBLG higher. Because the device fabrication processes are almost identical for the QFBLG devices and the EBLG devices, the notable degradation of the sample quality of the EBLG during the fabrication process must be same. Thus, differences in their structural properties are thought to be possible origins for the difference in µ. It is known that two types of domain coexist in EBLG on SiC(0001), which differ in the stacking order of the two graphene layers [14] . Indeed, the domain size of QFBLG is larger than that of EBLG, as shown in figure 4 . The larger the domain size, the less the carrier scattering to be expected at the domain boundaries, which leads to improvement of µ. Second, the number of atomic defects per unit area may differ for the two. Atomic defects are the source of short-range scattering, which has a detrimental effect on µ. Because the EMLG and the buffer layer, which are the precursors of the QFBLG, are grown at higher temperature, surface diffusion of carbon and silicon atoms is more enhanced [39] . Therefore, there could be fewer atomic defects per unit area compared to the EBLG case, resulting in less short-range scattering. Third, the surface structure under the EBLG and that under the QFBLG are different, where the EBLG and the QFBLG reside on the buffer layer and H-terminated SiC(0001) surface, respectively. Thus, the strengths of the Coulomb scattering at the interfaces of the layers underneath and the graphene layers may be different. These differences are thought to lead to higher µ for the QFBLG than for the EBLG on SiC(0001).
To improve the quality of the epitaxial graphene, thus, we should clarify the detailed mechanism of the growth of graphene on SiC(0001).
Epitaxial graphene growth on a flat surface
Using LEEM and in situ thermionic electron emission microscopy (TEEM), we observe the surface morphology development when the SiC(0001) substrate is annealed at around 1000-1400 • C in an ultrahigh vacuum of less than 10 −8 Torr [19] . It is revealed that the √ 3 × √ 3-6 √ 3 × 6 √ 3 transformation causes the surface morphology to roughen severely, even if the initial √ 3 × √ 3 surface has regular step/terrace arrays. Monolayer and bilayer graphene islands densely nucleate near the steps almost simultaneously, while the density of the monolayer islands is higher than that of the bilayer islands. After bilayer graphene growth, the substrate recovers the regular step/terrace structure, and the EBLG is obtained as bilayer graphene covering almost the whole of the surface. This suggests that the control of the surface roughening and that of the carbon aggregation are key issues for obtaining better quality epitaxial graphene.
To understand the mechanism of growth of graphene on SiC(0001) in detail, we investigate the growth process theoretically with a first-principles calculation [15] . As discussed in section 2, monolayer graphene (EMLG) on an SiC(0001) Si surface is known to have the 6 √ 3 × 6 √ 3 reconstruction [8] , whose atomic structure corresponds to a bulk-truncated SiC surface with a 6 √ 3×6 √ 3 unit cell covered with bilayer graphene with a 13 × 13 unit cell [40] . The graphene sheets have almost no strain, and the lower sheet does not act electronically as graphene due to the formation of covalent Si-C bonds with the substrate, which is similar to the EBLG case shown in figure 1(a) [41] [42] [43] [44] .
Since graphene growth is the result of excess C atoms aggregating, we assume, as a first step, C deposition on the SiC(0001) surface. We prepare a clean and bulk-terminated SiC(0001) surface and put C atoms on it one by one. For each number of C atoms, we search for the most stable C adsorption site and its optimized atomic structure. For calculational simplicity, we use the √ 3× √ 3 lateral unit cell model, despite 6 √ 3 × 6 √ 3 periodicity being observed experimentally. This simplification, however, does not change the essence of the physics of the graphene growth at all. We employ the ordinary density functional method with ultrasoft pseudopotentials and plane wave bases, and the generalized gradient approximation (GGA) exchange-correlation functional for the investigation. The pseudopotentials were confirmed to reproduce the experimentally derived lattice constants for the corresponding pure bulk crystals. The cutoff energy of the plane wave bases is 25 Ryd. The atomic structure is optimized to reduce the force on any atom to smaller than 0.001 hartree au −1 .
The calculated results show that first the adsorbed C forms monomers, dimers, and trimers. Then, they form isolated chains, connected chains, and finally a flat honeycomb sheet, namely graphene. As discussed in section 2, this corresponds to the 6 √ 3 × 6 √ 3 structure, or the buffer layer structure. Our study also reveals that, after the buffer layer is formed, new C atoms preferentially aggregate between the buffer honeycomb sheet and the bulk-truncated SiC(0001) surface. Thus, a new honeycomb graphene sheet is formed just on the top of the bulk-truncated SiC surface, and the old graphene sheet is pushed up to the top.
This scenario explains well the atomic structure of the epitaxial graphene formed. Since the new graphene sheet grows just from on the bulk-truncated SiC surface, it is natural that all of the graphene sheets formed have an epitaxial relation with the substrate SiC in crystallography. In addition, different graphene islands can be connected to each other rather easily because the crystal orientations of the islands already match with each other due to the epitaxial relation with the substrate.
Above, we assumed that any number of C atoms can be supplied from somewhere else at any time. This assumption is reasonable because steps are thought to be preferential Si sublimation sites due to their structural instability and to provide enough C atoms on the graphene growing terrace region. However, generally speaking, Si sublimation cannot be limited to the steps and the C supply is not necessarily abundant. Therefore, next we assume that Si atoms sublimate from a terrace and no excess C atoms are supplied from anywhere else, and compare the two results [25] .
To simulate Si sublimation, we remove Si atoms one by one from the topmost surface of the model, and change the Si and C coverage of the surface. We then fully optimize the atomic positions with only the back-face C atoms fixed in each number of removed Si atoms. We remove Si atoms from the bulk-truncated SiC(0001) initial surface and search for the Some of cross-sectional views of the most stable atomic structures are shown in figure 5 , comparing the atomic structure of the C deposition case with the corresponding surface excess C atoms. Removing Si atoms makes the surface rich in C, and the excess C atoms aggregate to form a C network on the surface. This is similar to the C deposition case; new graphene sheet preferentially grows from the interface of the old graphene sheet and the bulk-truncated SiC surface. However, the detail of the C aggregate growth is different from that for the C deposition case. For example, the C desorption monotonically increases the size of the C aggregate on the surface. However, Si sublimation sometimes makes an Si vacancy site, V Si , on the SiC(0001) surface. This V Si can trap excess C atoms and forms a substitutional C site, C Si ( figure 5(d) ). The C aggregates also sometimes contain Si in the aggregates (figures 5(e) and (f)). This clearly indicates that C aggregates cannot monotonically enlarge in the Si sublimation case. V Si s and C Si s are sometimes also formed on the substrate surface. In each step of removing an Si atom from the surface, the structure changes in a varying and complicated way. This may cause large activation barriers in the C aggregation, as well as degrading the crystallinity of the graphene sheet formed.
To investigate the growth energetics, we evaluate the differential of the formation energy dE form (n) as
Here, E form (n) is the formation energy for each stable structure with n surface excess C atoms. E form (n) is calculated by assuming that the system is in equilibrium with a 6H-SiC bulk substrate and isolated graphene, as
where E total (n) is the total energy of the corresponding system, and E substrate is the total energy of the initial surface. µ Si and µ C are the chemical potentials of Si and C, respectively. In this study, we define them as
where E SiC is the total energy per Si-C atom pair of 6H-SiC bulk crystal and E grpn is the total energy per C atom of isolated graphene. According to the definition of E form (n), dE form (n) also obeys the relation
Thus, E form indicates the stability of the system during the graphene growth process, while dE form indicates the difficulty of the growth. The change of dE form is shown in figure 6 as a function of n. Before a graphene sheet is formed, n < 8, dE form is sometimes larger than 1 eV for the Si sublimation case ( figure 6(b) ), while it is always smaller than 1 eV for the C deposition case ( figure 6(a) ). After the first graphene sheet is formed, n > 8, dE form is sometimes higher than 2 eV in the Si sublimation case, while it is always smaller than 2 eV in the C deposition case.
For the surface Si atoms, µ Si appearing in equation (5) can be controlled as µ Si + dµ Si by changing the temperature T and the Si pressure p Si , because of the equilibrium of the Si atom on the surface with that in the vapor phase, as follows [45] :
Here, E at Si is the total energy of the isolated Si atom in the vapor phase, k B the Boltzmann constant, g = 3 the degeneracy of the ground state of vapor phase Si, m the mass of the Si atom, and h the Planck constant. E atSi − (E SiC − E grpn ) is 5.21 eV from our first-principles calculation, where the spin polarization of the Si is certainly taken into account. Then, figure 6 . It is clear that the growth barriers dE form are frequently larger than the experimental dµ Si for the Si sublimation case, while the barriers are a little smaller than dµ Si for the C deposition case. This suggests that the experimental C aggregation and epitaxial graphene formation on SiC(0001) are similar to those for the C deposition case rather than those for the Si sublimation case. This is thought to be consistent with the rather smooth and uniform quality of the experimentally grown graphene on SiC(0001).
The role of steps in epitaxial graphene growth
Section 3 suggests that a condition with a sufficient C supply is important for obtaining better quality graphene. Since steps are rather unstable and might be preferentially decomposed by the Si sublimation during the annealing, we can expect steps to be the source of excess C atoms. Steps could also help with the aggregation of C atoms by fixing C atoms along their edges. Therefore, the role of the steps must be clarified in detail.
We prepare a model with a trench as the initial surface, which has one high and one low terrace partitioned by two [1120] single steps in a √ 3 × 4 √ 3 unit cell. By removing Si atoms from and moving excess C atoms on this surface, we study the Si sublimation and the C aggregation on the initial stage of the growth of the zeroth graphene layer ( figure 7) . First, we only remove Si atoms from one of the steps (case A). In this case, the excess C atoms remain at almost the same positions and form C dimers if possible. Next, we remove Si atoms from one of the steps, and move the excess C atoms along the other steps to form C aggregate (case B). In this case, the C aggregate is a nucleus for growing graphene. We further prepare a graphene ribbon grown along one of the steps, and move the excess C atoms to the ribbon's edge along the other of the steps (case C). In this case, the width of the graphene ribbon increases gradually. In all cases, we calculate the most stable atomic positions and their formation energy as a function of the number of removed Si atoms. Here, it should be noted that the two [1120] single steps play similar roles because of their mirror symmetric structures.
For each number of removed Si atoms, the calculated formation energies indicate that case C is the most preferable, and case B is the next ( figure 8 ). This suggests that excess C atoms preferentially aggregate and form nuclei along the step, for growing into graphene. The step is therefore thought to assist with the nuclear formation. It also suggests that excess C atoms more preferentially aggregate at edges of the existing graphene. The role of steps and graphene edges in the graphene growth is thus revealed.
Our theoretical studies also reveal that the graphene growth on the SiC surface consists of step-backflow and graphene growth [28] [29] [30] . The step-backflow is induced by Si sublimation from the step edge accelerated by C out-diffusion from the step edge, because the step is stabilized by rebonding the edge Si dangling bonds. Once a step-edge C atom leaves from the step, the following Si sublimation from the step edge is much easier. The graphene growth is induced by aggregation of the excess C along the step edge, when the surface coverage of C increases. The present model for the graphene growth process is summarized in figure 9(a) .
Since higher temperature decreases the number of C aggregation nuclei, a larger domain could be obtained. Since higher Si pressure reduces surface C pressure and accelerates the C diffusion out from the step edge, step-backflow might preferentially occur. These discussions suggest key issues in the graphene growth, for obtaining more uniform graphene with higher quality. If the Ar pressure could effectively increase the Si pressure, the better quality experimental monolayer graphene formation under Ar annealing could be reasonably explained. In addition, if we consider that surface-covering graphene increases the Si pressure at the interface between the existing graphene sheet and the SiC substrate, the experimental relief of the surface smoothness when the surface is covered with bilayer graphene can also be reasonably explained.
The surface-covering graphene sheet certainly obstructs Si sublimation away from the substrate surface [47, 48] . Since perfect graphene sheets only have small six-member C rings, any Si atom has difficulty passing through the sheet. However, if the sheet has defects such as seven-member C rings or eight-member C rings, an Si atom can be emitted more easily through the sheet [15] .
Graphene islands and magnetoelectric effects
Above, we only discussed wide, smooth and uniform graphene sheets on SiC substrate. However, we can also obtain graphene islands on SiC substrate as well, if the annealing condition is appropriately modified (figure 10). As we discussed in section 1 (figure 1), the atomic structure of graphene on SiC is complicated. We therefore assume the formation process of graphene islands at first, and discuss the island physical properties on the basis of the atomic structure obtained next [18, 24] .
One possible graphene island formation process is schematically shown in figure 9(b) . The Si sublimation from the surface creates V Si s on the surface. These V Si s become sinks for excess C atoms and form C Si s as we discussed in section 4. If such V Si s and C Si s aggregate and grow larger, atomic structures for islands should have a different form to free-standing ones. This can be called an embedded graphene island.
We study the energetics for the growth of the V Si cluster and that for the incorporation of excess C atoms into the V Si s to form C Si clusters or their complexes. We start by preparing a bulk-truncated SiC(0001) Si-face with a 2 √ 3 × 2 √ 3 lateral unit cell, sequentially remove Si atoms from the sites, and incorporate C atoms into those sites. The E form evaluated for each structure of this sequential process indicates that the graphene island growth with C Si aggregation proceeds automatically when µ Si is larger than about 1.5 eV, or for annealing at T > 1420 • C with p Si = 10 −8 Torr. This process however forms only the zeroth graphene layer. Two possible embedded atomic structures (Type I and Type II), which are respectively sandwiched between the SiC surfaces and between the buffer layers, are available as 1 ML graphene islands, as shown in figures 11(a) and (b).
To confirm that these two embedded island structures do in fact act as the 1 ML graphene islands electronically, we form graphene zigzag-edge nanoribbon structures with the same cross-sectional embedded atomic structures, and calculate their band dispersion relations (figures 11(c) and (d)). The results certainly show that the band structures are reasonably similar to that of isolated zigzag-edge graphene nanoribbon. Since the zigzag-edge nanoribbon is known to show edge magnetism [49] [50] [51] [52] , our ribbons also show some magnetism. However, since our ribbons are located on SiC(0001), the graphene sheets are n-type doped. Therefore, application of appropriate amounts of positive charges on the graphene sheet realizes the magnetism. This means that these graphene ribbons are expected to show the magnetoelectric effect.
We thus theoretically proposed two types of embedded graphene island structure on the SiC(0001) surfaces. We showed that these structures actually act as the graphene island in terms of electronic states, and that those with the zigzag edges offer a magnetoelectric effect.
Thermoelectric properties of graphene
Since low dimensional materials are expected to show excellent thermoelectric properties [53] [54] [55] [56] , carbon related low dimensional materials are also expected to be notable for their thermoelectric properties. Recently, a composite film with carbon nanotubes was certainly shown to yield practically useful thermoelectric power [57] . Similarly, graphene is also expected to be notable for its thermoelectric properties [58] [59] [60] . Epitaxial graphene on SiC(0001) is also a good candidate, but no measurement of its thermoelectric properties has been reported yet. According to the experimental reports, the thermoelectric power, S, of exfoliated graphene on SiO 2 /Si substrate strongly depends on the Fermi energy ε F , and its maxima around the charge neutrality point are 80 µV K −1 at room temperature. The thermoelectric figure of merit, ZT, can be estimated to be around 0.006 at room temperature, which is much smaller than the critical value of 1 required for practical use [60] . However, carriers in graphene are relativistic, while those in general materials are nonrelativistic. It is still not clear whether we can expect graphene to be a practically useful thermoelectric conversion material or not, although researchers have advanced various theories [61] [62] [63] [64] [65] [66] . Also, it is not clear either how to control the thermoelectric properties and how to increase ZT. We thus study the criteria for improving the thermoelectric properties theoretically [21, 24] The conduction model considered here was proposed by Chen et al for exfoliated graphene on a SiO 2 /Si substrate [67] . The total resistance, ρ, is given by
where ρ 0 , ρ A , and ρ B are the resistances established by scattering from ionic scatterers, longitudinal acoustic (LA) phonons and the optical phonons originating from the supporting SiO 2 substrate, respectively. ε F is the Fermi energy measured from the charge neutrality point, and T is the temperature. Here, the dependence on the gate bias, V g , is replaced by that on ε F . One of the most attractive properties of graphene is the flexible controllability of ε F , using V g . ρ A and ρ B are described on the basis of [21, 24, 67, 68] . Our study indicates that the density of charged impurity scatterers n i = 1 × 10 12 cm 2 is necessary for reproducing the experimental results in [67] . The conditions yielding these results are hereafter called Case X. With the model of equation (7), ρ 0 and ρ B are inversely proportional to ε 2 F , while ρ A is independent of ε F . The contribution of ρ A to ρ is significant when ε F is away from the charge neutrality point ε F = 0, and the contribution of ρ 0 to ρ is significant when ε F is close to 0. Since ρ 0 is independent of T, the conductivity σ is almost constant from very low temperatures to rather higher temperatures.
Thermoelectric properties are evaluated, using the Mott relation, from this electric conduction model shown in equation (7) . The Mott relation gives the relationship between the thermoelectric power S and the electric conductivity [69] . Using the resistance ρ, the relation has the form
where k B is the Boltzmann constant and e is the elementary charge. This relation is useful for low temperatures, but theories and experiments on graphene have confirmed its rather good accuracy even at T = 200 or 300 K [58, 61] . The thermoelectric figure of merit ZT can be evaluated as
where K t is the thermal conductivity. The maximum of K t is reported to be around 2 × 10 −7 W K −1 or 580 W mK −1 at room temperature [60] . To make the analyses easier, we hereafter discuss ZT 0 , which is ZT when K t is fixed as 2 × 10 −7 W K −1 . Results on S, µ, and ZT 0 as functions of ε F are shown in figure 12 . For the conventional experimental result, Case X, ZT 0 remains around 10 −3 , which is too small for practical use. On the other hand, S is theoretically expected to show divergence in the vicinity of the charge neutrality point. But, if we take into account the effect of the electron-hole puddle induced by the charged impurity adsorbents, S at 300 K is suppressed around the charge neutrality point, as shown by the descending line ( figure 12(a) ). Such an electron-hole puddle effect however does not greatly affect ZT 0 ( figure 12(d) ).
Can we improve such not good thermoelectric properties of graphene? We examine reducing n i by 1/1000 and completely taking away the carrier scattering by the optical phonon originating from the supporting SiO 2 substrate. This artificial case is labeled as Case Y in figure 12 . As shown in the figure, this modification certainly revises µ and ZT 0 quite well. Even if we take account of the electron-hole puddle effect, we can expect practically usable ZT 0 greater than 10 −1 , while S is rather drastically reduced in wider ranges excepting the vicinity of the charge neutrality point. If we could suppress the carrier scattering effect for LA phonons of the graphene sheet, higher ZT 0 could be expected.
Since ε F for graphene is flexibly controllable by applying a gate bias, we can expect to obtain an optimum performance for thermoelectric conversion materials. The suggested way of improving the thermoelectric properties could be practically implemented if the appropriate device processes were invented [17, 23, 24, 27, 70] , while the exact value of K t and its dependence on T need further investigation [60, 71, 72] . K t is the sum of the carrier contribution and the phonon contribution; the former is 1/100 smaller than the latter [61] . Since the phonon contribution is mainly governed by the out-of-plane acoustic (ZA) mode perpendicular to the sheet [60, 73] , the manner of placing the graphene on the substrate should be key for suppressing K t .
The above results strongly suggest that graphene can be a good thermoelectric conversion material candidate. Thermoelectric conversion is expected to help with achieving a sustainable society, by achieving the most efficient use of energy. The main reason for its poor track record is the low ZT and the high cost of traditional thermoelectric conversion materials. On the other hand, graphene is plentiful and cheap. The melting temperature of graphene is very high, around 3650 • C, which could be useful for efficient thermal recycling. Graphene can be used as p-type or n-type channels, just by changing the applied gate bias. Graphene is also harmless and low in specific gravity. Keeping the graphene ε F positions appropriate for p-type or n-type use in the vicinity of the charge neutrality point uniformly over a vast area must be the key technology for realizing graphene-based thermoelectric devices. As seen in section 2, we can control the carrier polarity on the SiC substrate by forming EBLG and QFBLG. Therefore, graphene on SiC is thought to be a promising candidate for graphene-based thermoelectric device use.
Conclusion
Graphene on SiC is thus a very attractive material for physics as well as for industrial use. Fine control of its atomic structures as well as that of its surfaces and interfaces is expected to reveal further new physics and applications. Many efforts in experimental and theoretical studies are, however, still necessary to understand all of the potential of the real two-dimensional material, graphene.
